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A 500 MHz ‘H-NMR study on a synthetic DNA pentadecamer comprising the specific target site of the 
CAMP receptor protein in the ara BAD operon is presented. Using pre-steady state NOE measurements, 
un~h~guous assignments of all the imino proton resonances and associated adenine (H2) resonances are 
obtained. From the NUE data interbase pair interproton distances involving the imino and adenine (H2) 
protons are determined. It is shown that these distances are very similar to those expected for ciassical B 
DNA (RMS difference of 0.5 A), but are significantly different from those expected for classical A DNA 
(RMS difference of 1.1 A) 
Synthetic oligonucleotide Imino proton NOE Interproton distance CRP specific site 
The CAMP receptor protein (CRP) regulates the 
transcription of at least 20 genes including all 
catabolite repressible operons [1,2], The 
cAMP - CRP complex binds to specific DNA target 
sites focated at the 5 ’ end of each gene it regulates. 
In some cases this interaction stimulates transcrip- 
tion as in the case of the fat [3] and ara BAD !4] 
operons, whereas in other cases it represses 
transcription as in the case of its own structural 
gene [SJ and the onpA gene [6]. At present the 
‘Present address: Friedrich Miescher Institut, Postrach 
273, CH 4002 Basel, Switzerfand 
~~brg~iatio~s: CRP, CAMP receptor protein of 
Escherichia codi; CAMP, adenosine cyclk 3 ’ ,5 ’ - 
phosphate; NOE, nuclear Overhauser enhancement or 
effect 
molecular mechanism of the interaction of the 
CAMP e CRP complex with specific DNA target 
sites is unknown although it has been shown that 
the interaction induces a B to C transition in the 
structure of the DNA without changing the 
handedness of the helix, namely right handed 
[7-91. As an initiaf step in studying the structural 
aspects of this interaction it is essentiai to in- 
vestigate the isolated companents of the system. In 
this respect the crystal structure of the 
CAMP q CRP complex has been solved at 2.9 A 
resolution [ 10,111, and NMR studies on CRP and 
its N-terminal core &ZRP as well as on their in- 
teraction with cychc nucieotides have been carried 
out [12-141. We extend here the sofution NMR 
studies to the synthetic DNA pentadecamer 
5’ AAAGTGTGACGCCGT 3’ (-+-) 
3’ TTTCACACTGCGGCA 5’ (-) 
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comprising the specific target site for CRP in the 
ara BAD operon [4,15]. Using the nuclear 
Overhauser effect (NOE) to demonstrate the prox- 
imity of protons in space [16], we have employed 
the same sequential assignment procedure that has 
been applied so successfully to tRNAs [ 17-221 and 
more recently to DNA oligonucleotides [23-261 to 
assign unambiguously all detectable imino protons 
and associated adenine H2 protons. From the pre- 
steady state NOE data interproton distances in- 
volving the imino and adenine H2 protons are 
calculated and compared to those expected for 
regular right-handed B and A DNA helices. 
2. EXPERIMENTAL 
Both strands of the DNA pentadecamer were 
synthesized from suitably protected nucleosides us- 
ing the solid support phosphotriester method (on 
controlled pore glass) and purified by ion exchange 
chromatography using a Partisil 10 SAX column 
essentially as in [27]. After desalting and 
lyophilization, equal amounts of the two pen- 
tadecamers were taken up in a buffer comprising 
90% HzO/lO% D20, 100 mM KCl, 5 mM 
potassium phosphate (pH 6.6) and 0.01 mM 
EDTA. The concentration of each strand was 0.8 
mM. 
NMR spectra were recorded on a Bruker AM500 
spectrometer using the time shared hard l-l obser- 
vation pulse (&-r-8,) for water resonance suppres- 
sion [28,29] with the carrier placed 3048 Hz 
downfield from the water resonance, a delay 7 of 
160.5 pus, a total flip angle (28,) of 90”, an acquisi- 
tion time of 0.188 s (8196 data points and a spec- 
tral width of 21739 Hz) and a relaxation delay of 
0.5 s. The NOES were observed by directly collec- 
ting the difference free induction decay (FID), by 
interleaving 16 transients after saturation for 0.5 s 
of a given resonance with 16 transients of off 
resonance irradiation (also applied for 0.5 s), 
negating the memory between 16 transient cycles. 
Prior to Fourier transformation, the free induction 
decays were subjected to data shift manipulation 
to reduce further the water resonance and thereby 
eliminate baseline distortions [28,30,31], and then 
multiplied by an exponential equivalent to a line 
broadening of 5 Hz. Chemical shifts are expressed 
relative to 4,4-dimethylsilapentane-I-sulphonate. 
It will be noted that the integrated intensities of 
g,h 
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Fig. 1. Temperature dependence of the imino proton 
resonance r gion (12-14 ppm) of the 500 MHz ‘H-NMR 
spectrum of the pentadecamer. (A) O”C, (B) 15”C, (C) 
3O”C, (D) 45”C, and(E) 60°C. Experimental conditions: 
0.8 mM (per strand) pentadecamer, in 90% H20/10% 
D20, 100 mM KCI, 5 mM potassium phosphate pH 6.6 
and 0.01 mM EDTA. 400 transients were recorded for 
each spectrum. 
the exchangeable proton resonances are not all 
equal due to both chemical exchange and 
amplitude distortion arising from the nature of the 
l-l excitation pulse. Consequently, the NOE 
magnitudes were obtained by dividing the intensity 
of the observed peak, say x, as measured from the 
difference spectrum, by the total intensity of peak 
x measured from the difference spectrum in which 
peak x is irradiated. The estimated relative error in 
the NOE magnitudes is c f 0.15. 
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3. RESULTS AND DISCUSSION 
Fig.1 shows the temperature dependence of the 
imino proton resonance region of the double 
stranded pentadecamer over the 0-60°C range. At 
the lowest temperatures, 13 distinct resonances are 
seen grouped into two sets of peaks: the low-field 
set comprising resonances a-e are assigned to the 
imino proton resonances of AT base pairs, and the 
high-field set comprising resonances f-m are 
assigned to the imino proton resonances of the GC 
base pairs. This assignment of resonance type is 
based on the large body of data available on the 
location of Watson-Crick hydrogen-bonded imino 
proton resonances [17-26,323. The two imino pro- 
tons of the terminal AT base pair at both ends of 
the pentadecamer are not visible due to kinetic 
fraying, As the temperature increases successive 
resonances or groups of resonances broaden and 
finally disappear owing to rapid exchange with sol- 
vent water. At 25°C resonance b broadens and 
disappears; this is followed at 40°C by resonances 
a and i. Taken together with the pentadecamer se- 
quence, these findings enable one to assign 
resonances b and a to the T(H3) imino protons of 
the A2 + TM - and A3 + T13 - base pairs respective- 
ly, and resonance i the G(H1) imino proton of the 
GM + Ct _ base pair. 
A more rigorous approach to the assignment of 
the imino proton resonances is based on NOE 
measurements. This requires no assumption about 
the resonance frequencies of particular types of 
imino protons and no previous knowledge of the 
thermal melting properties, and permits the com- 
plete assignment bf the imino proton resonance 
region of the spectrum. For short irradiation 
times, the pre-steady state NOE observed on 
resonance i following irradiation of proton j, Nij, 
is given by 
Nij - C7ijijt (1) 
where t is the length of the selective irradiation 
pulse and cij the cross-relaxation rate between pro- 
tons i and j 133,341, ej is inversely propo~ional to 
l/rij6 so that distance ratios or distances, if one 
distance is already known, can be obtained from 
the equation 
(2) 
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providing the correlation times of the two inter- 
proton distance vectors are the same. Because of 
the rijM6 dependence of gij, effects are only detec- 
table between protons separated by &5A. Conse- 
quentIy, irradiation of the imino proton resonance 
of base pair i will result in small interbase pair 
NOES on the imino and adenine H2 protons of the 
adjacent base pairs, i - 1 and i -+ 1, on either side. 
In addition large intrabase pair NOES will be 
observed between the T(H3) imino proton and the 
A(H2) proton in an AT base pair, and between the 
G(H1) imino proton and the amino protons of C 
or G in a GC base pair (providing, in the latter 
case, the amino protons are not broadened beyond 
detectabihty by exchange with solvent water). The 
selective irradiation pulse used in the quantitative 
pre-steady state NOE measurements reported here 
was 0.5 s, and control experiments using different 
irradiation times for a few selected resonances in- 
dicated that eq. 1 was valid at this irradiation time. 
Fig.2 illustrates the application of the NOE 
method of assignment to the imino proton 
resonances of the pentadecamer. Irradiation of 
peak c (fig.2B, 1YC) results in a large intrabase 
pair NOE on the non-exchangeable A(H2) 
resonance 1 and small interbase pair NOES on the 
adjacent imino proton resonances j and 1. Irradia- 
tion of the A(H2) resonance 1 (fig.ZC, 15’C) then 
results in a large intrabase pair NOE on the imino 
proton resonance c as well as small interbase pair 
NOES on the adjacent imino proton resonances j 
and 1. Finally irradiation of peak 1 (fig.2D, 15°C; 
fig.2E, O’C) results in a large intrabase pair NOE 
on the exchangeable amino proton resonance o 
and small interbase pair NOES on the imino proton 
resonances c and d and the A(H2) resonances 1 and 
2. Extending these measurements by systematically 
irradiating all imino, amino and A(H2) resonances 
in turn permit the unambiguous assignment of 
these resonances as illustrated in terms of the NOE 
flowchart in fig.3. 
The pre-steady state NOES that could be quan- 
titated are given in table 2 at two temperatures, 0
and 15°C. It will be noted that the magnitude of 
the intrabase pair NOES between the T(H3) and 
A(H2) protons at 15°C is about half that at O”C, 
although the distance between these two protons in 
a Watson-Crick AT base pair is 2.9 A. This is due 
to the slower tumbling (i.e. longer correlation 
time) of the pentadecamer at the lower 
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Table 1 
Values of the pre-steady state NOES (0.5 s pre-irradiation time) observed for the pentadecamer 
together with the interproton distances calculated from them and!the corresponding interproton 
distances protonexpected for classical B and A DNAa 
NMR Fibre diffraction 
0°C 15°C 
rij(A) 
% NOE rij(A) % NOE rij(A) B DNA ADNA 
(A) Intrabase pair 
T(H3)-A(H2) 
(reference distance)a 
&+TI~- 
Ts+AII- 
Tl+A9- 
A9+T7- 
G(Hl)-aminob 
Gs+Ce- 
C12+G4- 
2.9 
- 19 
-22 
-35 
-32 
-35 
(B) Interbase pair 
T13 - (H3)-G4 + (J-H) 
G4 + (HI)-Ts + (H3) 
Gd+(Hl)-&I-(H2) 
Ts + (H3)-Gs + (Hl) 
AII - (H3)-Gs + (Hl) 
G6 + (Hl)-T7 + (H3) 
Gs + (H l)-A9 - (H2) 
T7 + (H3)-Gs + (Hl) 
A9 - (H2)-Gs + (H 1) 
GE + (Hl)-T7 - (H3) 
Gs + (Hl)-As+(H2) 
T, - (H3)-Ga - (Hl) 
A9 + (H2)-Gs - (Hl) 
- 4 3.8 
- 4 3.9 
- 5 3.1 
-8 3.4 
- 7 3.5 
- 6 3.9 
- 8 3.1 
- 6 3.9 
-12 3.5 
-4 4.1 
- 8 3.7 
- 7 3.7 
- 9 3.6 
RMS difference (A) 
NMR(O”C)-NMR(l5”C) 
NMR(O”C) - BrDNA 
NMR(15”C) - BrDNA 
NMR(O”C) - ArDNA 
NMR(lS”C)-ArDNA 
BFDNA - ArDNA 
0.4 
0.5 
0.5 
1.1 
1.1 
0.7 
a The interproton distances for classical B and A DNA are derived from the fibre diffraction data 
in [35]. NMR interproton distances are calculated from the NOE data using eq. 2 with the in- 
trabase pair distance (2.9 A) and NOE between the T(H3) and A(H2) protons of an AT base pair 
as an internal reference (see text for discussion). The relative error in the measured NOE values, 
AN/N, is d + 0.15, and assuming an error of f 0.1 A in the reference distance, the error in the 
calculated interproton distances is c k0.2 A 
b The distances between the G(H1) imino proton and the hydrogen-bonded amino protons of G and 
C in a GC base pair are 2.4 and 2.6 A, respectively 
2.9 2.9 2.9 
- 13 
-15 
-15 
- 14 
-33 
2.5 
2.6/2.4 2.6/2.4 
2.5 
-5 3.4 
-6 3.4 
- - 
-6 3.4 
-5 3.5 
-5 3.5 
-2 4.1 
-3 3.4 
-4 3.6 
-6 3.4 
-6 3.4 
-4 3.6 
-6 3.4 
3.4 3.7 
3.5 3.4 
3.8 4.5 
4.1 5.0 
4.3 5.3 
3.5 3.4 
3.8 4.5 
4.1 5.0 
4.3 5.3 
3.7 4.3 
3.9 4.6 
3.5 3.4 
3.8 4.5 
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Imino 
protons 
A(H2) 
protons 
Amino 
T(H3) G(H1) 
protons 
, / / / * 
1s 14 13 12 11 10 ppm 9 8 7 6 
- ___---~ 
Fig. 2. Pre-steady state NUE measurements on the 
pentadecamer in 90% HZ&’ 10% DzO. (A) The 500 MHz 
‘H-NMR spectrum between 6 and 15 ppm with the 
exchangeable imino and amino proton resonances 
labelled a-m, and o-u, respectively, and the non- 
exchangeable A(H2) proton resonances labelled 1-4. 
Difference spectra (off-resonance minus on-resonance 
pry-irradiations following pre-saturation for 0.5 s of (B) 
the T7 _ fH3) resonance (peak c), (C) the Ag+(H2) 
resonance (peak l), and (D) and (E) the Gs+(Hl) 
resonance (peak I). The temperature was lS°C for 
spectra A-D and 0°C for spectrum E. The assignments 
of the other peaks seen in the difference spectra are given 
in fig. 3. Note that a decrease in intensity of a particular 
resonance is seen as a positive peak in the difference 
spectrum. The experimental conditions are the same as 
those in fig. 1. 400 and 6400 transients were recorded 
for the reference and difference NOE spectra, 
respectively. 
temperature. It can also be seen that whereas the 
magnitude of the NOES between these two protons 
is approximately the same for the different AT 
5’3 
AI+ hs- 
AZ+ fi&- 
A3+ T13- 
h+ 42- 
-k+ h- 
G6+ Go- 
T,+ A+ 
h+ f8- 
Ag+ T7- 
cm* Gg- 
Gil+ c5- 
C,2+G4- 
G3+f3- 
%k+f2- 
-b+ At- 
nd 
f(D-97)-----47.31) 
a[1403t -417.45) 
nd 
4 (12.901 .w___---_--~r(&16~ 
i(l3.06, * L n(850) 
---------+&19) 
i f1~81f,---------q(8.18) 
Fig. 3. Flow chart of the observed NOES together with 
the resonance assignments. The continuous lines (------I 
represent quantified NOES; the dashed lines (-- -) 
represent NOES that could not be quantified. The imino, 
amino and A(H2) resonances are labelled a-m, o-u, and 
1-5, respectively. Chemical shifts (ppm) at 15’C are 
given in parentheses. nd, not detectable (due to kinetic 
fraying). 
base pairs at 15”C, significant differences are 
observed at 0°C; namely, at 0°C the AT base pairs 
at the end of the pentadecamer have smaller NOE 
values than those in the middle. This can be at- 
tributed to a more marked degree of mobility of 
the residues at the ends of the pentadecamer 
relative to those at the centre at 0% 
To calculate interproton distances we have made 
use of eq. 2 using the distance (2.9 A) and NOE 
between the A(H2) and T(H3) protons of the AT 
base pairs as an internal reference. In the case of 
the data at IYC, ail intrabase pair NOES between 
these two protons had a value of 15 -+ 2”. In the 
case of the data at WC, the separation between the 
220 
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imino and A(H2) protons of AT base pair i from 
the imino protons of the adjacent GC base pairs, 
i - 1 and i + 1, was calculated using the value for 
the intrabase pair NOE between the T(H3) and 
A(H2) protons of AT base pair i as the reference. 
Assuming an error of 20.1 A in the reference 
distance and a relative error of c kO.2 in the 
measured NOE values, the error in the computed 
distances is c +0.2 A. The interproton distances 
obtained in this manner are given in table 1 and 
compared to those expected for classical B and A 
DNA based on the fibre diffraction data in [35]. 
As can be seen from table 1, the interproton 
distance data at both temperatures are very close to 
those expected for B DNA with a root mean square 
(RMS) difference of -0.5 A but significantly dif- 
ferent from those expected for A DNA (RMS 
difference- 1.1 A). This finding is in complete 
agreement with the CD spectrum of the pen- 
tadecamer (not shown) which is characteristic of B 
DNA. Also noteworthy is that the present data do 
not provide any indication of substantial propeller 
twisting of any of the base pairs of the pen- 
tadecamer, since this would result in a significantly 
shorter interbase pair distance between the A(H2) 
and G(H1) protons than between the T(H3) and 
G(H1) protons of adjacent AT and GC base pairs 
124-261. 
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